The genus Rosa consists of approximately 200 species and 20,000 cultivars, most of complex hybrid origin. Few of the current cultivars, most of which are tetraploid with 2n = 4x = 28, can be traced unambiguously to their wild diploid progenitor species. Fluorescent in situ hybridization (FISH) offers the possibility to estimate the proportion of various donor genomes in complex advanced-generation hybrids. To establish the feasibility of FISH in rose and to explore differences, if any, in number and subchromosomal location of nucleolar organizer regions (NORs), mitotic chromosome spreads from five diploid species and a commercial tetraploid cultivar were probed with part of the 18S-26S rDNA repeat from soybean. Shoot tips were the most convenient source of mitotic divisions for FISH. Cell suspensions from enzymatically digested shoot tips were spread with 3 ethanoM acetic acid on glass slides and then squashed in 45% acetic acid under a coverslip. Prolonged digestion in cellulase and pectolyase was required to obtain satisfactory chromosome spreading and exposure for FISH. A pair of strong, subterminal hybridization signals, corresponding to a single NOR per genome, was observed in the diploid species. The commercial tetraploid rose cultivar had four strong, subterminal signals and thus one NOR per genome. However, two of the signals were consistently stronger than the other two. The results demonstrate the feasibility of detecting repetitive sequences in spread chromosomes of roses.
Nonlsotoplc in situ hybridization (ISH) was introduced in plants in 1985 (Jiang and Gill 1994; Raybum and Gill 1985) . Since then the technique has been used for physical mapping of repetitive DNA sequences and multicopy gene families (Busch et al. 1995b; Crane et al. 1993; Cuadrado et al. 1995; Price et al. 1990 ), bacterial artificial chromosome inserts (Hanson et al. 1995) , and low-copy gene sequences (Busch et al. 1995a) . Genomic in situ hybridization (G1SH), a variant of ISH that uses whole genomic probes in suppressive hybridization to visualize individual genomes, has been successfully used to identify Thinopyrum chromosomes in a wheat hybrid of questioned parentage (Chen et al. 1995) , to monitor repeated sequences in wheat that are essentially homologous to sequences in maize (Zhang et al. 1995) , to document the breakpoints in intergenomlc translocations (Badaeva et al. 1995) , and to confirm compartmentalization of nuclei into genomic domains in the hybrid Hordeum chilense x Secale africanum (Leitch et al. 1990 ). Because of its sensitivity to short regions of recombined chromatin, GISH is a powerful technique for monitoring alien chromatin during interspecific introgression.
Most modern cultivated roses are tetraploids of complex hybrid origin. Triploids are less important but still significant. The cultivated gene pool has been drawn from 8-10 diploid species, including Rosa chinensis Jacq., R. wichuraiana Crep, R. odorata Sweet, R. moschata Herrm., R. damascena Miller, R. multiflom Engelmann, ft. foetida Herrm., and R. rugosa Thunb. (Krussmann 1981; Shepherd 1954) . The pedigrees of modern rose cultivars are not completely known back to their parental species, and segregation would make numerical estimates of the contribution of known parental species problematical. Therefore the affinities of modern rose cultivars might be most accurately estimated on the basis of GISH, with DNA probes from the different diploid species listed above. Knowledge of these genetic affinities might aid incorporation of desired traits, for example, blackspot resistance or day neutrality, into valuable cultivars.
A typical first exercise in ISH is localization of nucleolar organizer regions (NORs) with probes for the 18S-26S ribosomal DNA repeat. Having a large, sequence-conserved target allows one to identify any special conditions that are necessary to prepare and probe the chromosomes. In rose special preparative conditions are indeed necessary. Here we report what they are and how the 18S-26S ribosomal DNA repeat is distributed in the genomes of five rose species and one tetraploid cultivar.
Materials and Methods

Materials and Pretreatment
All the materials used in this experiment were obtained from established plants in the Texas A&M University (College Sta-tion, Texas) rose test field. The study involved tetraploid cultivar Angel Face and five diploid taxa: R. chinensis Jacq. and R. odorata Sweet from section Chinenses; R. xfortuniana LJndl. from section Banksianae; R. laeuigata Michx. from section Laeuigatae; and R. roxburghii Tratt. from subgenus Platyrhodon.
Metaphase Preparation
The preparation of chromosome spreads followed Ma et al. (1996) , and in a more general way Jewell and Islam-Faridi (1994) and Hanson et al. (1995) . Shoot tips were the most convenient source of mltotic divisions for fluorescent in situ hybridization (FISH). The shoot tips were treated with 1.25 mM 8-hydroxyquinoline and 0.05% colchiclne at room temperature for 4 h in darkness, then fixed overnight at room temperature in 4 ethanol:l acetic acid with 2% polyvinylpyrrolidone (PVP, MW 40,000). The fixative was washed from the shoot tips in several changes of reagent-grade water over 1 h at room temperature. The tissue was incubated in 1 N HC1 for 20 min, washed with reagent-grade water, and equilibrated with 0.01 M sodium citrate, pH 4.6, for 5-15 min. The shoot tips were then digested 3-4 h at 37°C in 5% cellulase, 1% pectolyase in 0.01 M sodium citrate at pH 4.6, using 20-40 (j-1 of enzyme mix per tip in a 0.5 ml mlcrocentrifuge tube. After digestion, the tube was filled with reagent-grade water and briefly vortex-mixed to disperse the cells. The protoplasts were pelleted at 700 g for 5 min at 2-4°C, resuspended in 500 |il of reagent-grade water, and spun down as before. The pellet was resuspended in 500 |il of freshly made 3 ethanol:l acetic acid, spun down as before, resuspended in 15-20 | JL1 of freshly made 3 ethanol:l acetic acid per tip, and held on ice until spread on slides.
Freshly resuspended cell suspensions were spread by surface tension upon drying. An 8 |xl aliquot of the cold suspension was deposited on a moist, chilled, precleaned slide and allowed to air dry almost completely. A drop of 45% acetic acid and a coverslip were applied, and the preparation was squashed on a heat block at 80°C. The preparation was examined under phase contrast and further squashed if necessary. The better slides were frozen over liquid nitrogen and stored at -135°C until used.
Probe DNA Isolation and Probe Labeling
The 18S-26S ribosomal DNA probe (pGmr3) was derived from soybean (Glycine max L.) and obtained from Dr. Elizabeth Zimmer. It contained a 4.5 kb £coRl fragment of the rDNA repeat, including parts of both the 18S and 26S loci and the spacer region between them. The plasmid DNA was recovered and purified by the alkaline lysis method (Silhary et al. 1984) and labeled by nick-translation with biotin-14-dATP (Gibco-BRL BioNick kit) or digoxigenin-11-dATP (Boehrlnger-Mannheim).
In Situ Hybridization
The coverslip was popped from the hardfrozen slide, which was immediately immersed in 95% ethanol to prevent frost formation on the cells. The slide was then air dried, incubated in 30 |ig/ml of RNase in 2X SSC (IX SSC is 0.15 M NaCl, 0.015 M sodium citrate) at 37°C for 1 h, and denatured for 2.5 min at 70°C in 70% formamide, 0.6x SSC (i.e., 7 vol of delonized formamide and 3 vol of 2x SSC). The hot slides were immediately quenched in 70% ethanol for 5 min at -20°C, dehydrated through 95% and 100% ethanol at -20°C for 5 min each, and allowed to air dry.
The probe solution consisted of 50% deionized formamide, 10% autoclaved dextran sulfate, 1.2-2.0 ng/jtl of probe DNA, and 800 ng/p.1 E coli genomic DNA, in 2x SSC. It was denatured for 10 mln at 80°C and quenched in ice water. Each slide received 25 |il of the probe mix and a 20 x 40 mm coverslip, which was sealed with rubber cement. The slides were incubated for 6 min at 80°C in preheated, humidified petri dishes in a forced-air oven, cooled 5 min on the bench top, and incubated overnight at 37°C.
Signal Detection
Hybridization sites of biotinylated probe were detected with a sandwich of FTTCavidin-DCS (Vector Laboratories), biotinylated antiavidin (Vector), and FTTCavidin-DCS. Digoxigenin-labeled probe was detected with mouse antldlgoxigenin (Boehringer-Mannheim) and rhodamineconjugated goat antimouse IGG (Boehringer-Mannheim). In either case, unbound probe was washed from the slides in 2x SSC at 40°C (two changes, 5 min each), lx SSC in 50% formamide at 40°C for 10 min, and 2 x SSC at 40°C (two changes, 5 min each). The slides were cooled to room temperature in the same 2x SSC for 5 min, washed 5 min each with 2x SSC and 4x SSC, 0.2% Tween 20. For avidin detection each slide received 200 |il of 5% bovine serum albumin in 4x SSC, 0.2% Tween 20, for 10 min at room temperature under a 20 X 40 mm coverslip that had been cut from an autoclavable plastic bag, followed by 100 \i\ of 6 jig/ml of FITC-avidin-DCS in 4X SSC, 0.2% Tween 20, with 5% bovine serum albumin and a fresh coverslip for 20 min at 37°C in the dark in a humidified, glass petri dish. For antidigoxigenin detection each slide received 200 | U of 5% bovine serum albumin in 4x SSC, 0.2% Tween 20, for 10 min as above, followed by 100 (jJ of 1 pig/ml of mouse antidigoxigenin for 20 min at 37°C in the dark in a humidified, glass petri dish. Unbound avidin or antibody was washed off with four 4 min washes of 4x SSC, 0.2% Tween 20 at 37°C. For avidin detection, each slide was then blocked 10 min at room temperature with 200 (i-l of 5% normal goat serum (Vector) in 4x SSC, 0.2% Tween 20, and incubated 20 min at 37°C in 100 p.1 of 3 |ig/ml of biotinylated antiavidin-D (Vector) in 4x SSC, 0.2% Tween 20, with 5% normal goat serum. For antidigoxigenin detection each slide was blocked 10 min at room temperature with normal goat serum as above and then incubated in 100 yA of 2 |ig/ml of digoxigenin-conjugated antimouse antibody (Boehringer-Mannheim) for 20 min at 37°C in the dark in a humidified, glass petri dish. Unbound antibody was washed off with four 4 mln washes of 4x SSC, 0.2% Tween 20, at 37°C. For avidin detection, each slide was again blocked with 5% bovine serum albumin in 4x SSC, 0.2% Tween 20, for 10 mln at room temperature and incubated 20 min at 37°C in 100 |il of 6 jig/ml of FTTC-avidin-DCS (Vector) in 4x SSC, 0.2% Tween 20. For digoxigenin detection each slide was blocked with 200 | JL1 of 5% normal goat serum in 4x SSC, 0.2% Tween 20, for 10 min at room temperature, then incubated 20 min in darkness at 37°C in 100 |il of 12.5 |xg/ml of rhodamine-conjugated antidigoxigenin in 5% normal goat serum in 4x SSC, 0.2% Tween 20. Unbound avidin or antibody was washed off with four 4 min washes of 4x SSC, 0.2% Tween 20, at 37°C. The slides were stained in 3 |ig/ml of DAPI in Mcllvaine's buffer (9 mM citric acid, 80 mM Na 2 HPO<H 2 0, 2.5 mM MgCl 2 , pH 7.0) for 20 min at room temperature In darkness and washed briefly in 4x SSC, 0.2% Tween 20. FITC-detected slides were further counterstained with 10 |ig/ml of propidium iodide (PI) for 20 min and rinsed with 2x SSC. A drop of antifade (Vectashield®, Vector) and a coverslip were applied. The slide was gently squashed between tissue papers and refrigerated in darkness until examined.
Metaphase Observation and Photography
Images were photographed directly on Fujicolor 400 HG film with an Olympus AX-70 microscope using filter sets for ultraviolet (DAPI), violet (DAPI and PI), and blue (PI and FTTC) excitation.
Results
A single, large rDNA locus, corresponding to the nucleolar organizer region (NOR), could be seen in each of the individuals examined. In the tetraploid cultivar, the locus was manifested as four signals ( Figure  1H) . Two of the signals, denoted with arrows in Figure 1H , were consistently larger than the other two. In the diploids, there were two signals on metaphase and interphase nuclei ( Figure 1A-G) . In interphase nuclei of R. Xfbrtuniana, one NOR frequently was more dispersed than the other one (indicated by arrow Figure IF) . No minor 18S-26S loci were detected. The locus was always terminally located on the shorter arm of a submetacentric chromosome of somewhat less than average size. Thus no satellites were seen, but the size of the signal could have obscured a small satellite. In R. chinensis ( Figure IB) , the locus was bipartite along the length of the chromatid, while in R. Xfortuniana it contained at least three condensed regions of concentrated hybridization ( Figure 1G ). The chromosomes stained well with DAPI ( Figure 1E,I ), indicating good retention of the target DNA.
Discussion
The conserved number and apparently conserved position of the NOR agree with the relatively high fertility of intrasectional and many intersectional hybrids in subgenus Rosa. Possibly the basic genome has been conserved over the entire genus. The presence of only four signals (one locus) in the tetraploid cultivar is consistent with freedom from translocations among Its ancestral genomes, at least for the NOR chromosome. Otherwise, more or fewer NORs might have been present when genomes were recombined in this complex, advanced-generation hybrid. Furthermore, the size dimorphism in the tetraploid cultivar was consistent with a 2:2 AABB pattern of genomic affinity, at least for the NOR chromosome. Perhaps the NORs were donated from two very different groups of species.
In R. x fortuniana, the NORs were equal in size but not necessarily in transcriptional activity; one was typically more dispersed and perhaps more active. This is consistent with the hybrid ancestry (R. banksiae X R. laevigatd) often proposed for this species (Shepherd 1954) .
Most of the apparent variation in chromosome size (particularly length) in Figure 1A-E,G-I probably reflects variation in pretreatment and mitotic stage. Individual cells were at different stages of their cell cycle when the colchicine and 8-hydroxyquinoline arrived during pretreatment, and dividing cells were located at various depths within the shoot tip. Chromosome measurements from cells spread as here, then stained in acetocarmine, are available for R. roxburghii, R. chinensis, R. odorata, and R. laevigata (Ma Y, unpublished data) . Their mean length ranged from 1.9-2.7 jtm per chromosome, again consistent with genomic uniformity across the genus.
Successful spreading of rose chromosomes required prolonged acid extraction and enzymatic digestion. Similarly fixed root tips of cotton responded best if treated with 0.1 N HC1 for 5 min and then digested for 30-40 min in the same 5% cellulase, 1% pectolyase mixture. In rose, it was necessary to acid treat for 20 min and digest in the enzyme mix for over 180 min, just to spread the chromosomes, and an objectionable cytoplasmic overlay persisted over the chromosomes. It is likely that tannins are present in the cells or that they form oxidativery during early moments of fixation through polyphenol oxidase or similar activities. These substances would be expected to tan the chromosomal and cytoplasmic proteins and make the cells difficult to flatten. One unanswered question is the extent to which the DNA is damaged during fixation and extracted or depurinated during preparation for spreading. Certainly sufficient target remains to permit visualization of crisp ISH signals ( Figure 1G ), but we have not yet successfully detected the 5S rDNA locus or loci, using probes from a legume (Acacia melanoxylori) that have worked well on various other plant species, including monocots and pine trees, which are far less related to Acacia than rose is. Thus the failure so far to detect the 5S site almost certainly reflects chromosome preparation rather than gross failure of the ISH protocol or dissimilar nucleotide sequence In the 5S rDNA. 
